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Discussion and Decision
1. Introduction
During WG1#46 bis, results for various reference signal (RS) structures were presented in [1]. As the most robust structure required considerable overhead of 19%, an alternative tentative RS structure with 14.3% overhead was agreed in [2] for evaluation. 
As the working assumption for RS structure (WARSS) for simulations in [2] does not provide uniformity among antennas (for example, in terms of channel or CQI estimation performance) or reliable channel estimates for antennas 3 and 4 for high speed UEs, [3] proposed to adopt either of the two best RS structures from [1] and have the choice made by the operator depending on the deployment environment. No additional signaling is required in order for the UEs to be informed of the RS structure and this can be done through the redundancy in the 2 bits specifying the number of antennas (e.g. “00” for 1 Tx, “01” for 2 Tx, “10” for 4 Tx RS structure 1 (RSS1), and “11” for 4 Tx RS structure 2 (RSS2)). For example, the RS structure with the smaller overhead may be deployed in micro-cells or urban areas while the RS structure with the larger overhead may be deployed in macro-cells or some sub-urban/rural areas where high speed UEs may be expected.       

Two more RS structures were suggested in [4] that nevertheless do not circumvent the main identified inefficiencies of the baseline RS structure that were mentioned above.
2. 4 Tx RS Structures
The examined RS structures for 4 Tx antennas are depicted in Figures 1-3 for ease of reference. 
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Figure 1: Baseline RS Structure for Evaluation. Overhead is 14.3%

Figure 2: RS Structure 1 (RSS1). 9.5% Overhead. Operation is in Low Speed Environments.

Figure 3: RS Structure 2 (RSS2). 19% Overhead. Operation is for all E-UTRA UE Speeds.
In addition to the above RS structures, it is also possible to increase the RS spacing from 6 to 8. Then, for RSS2, the overhead becomes 14.3% and equals the one for the baseline RS structure. Performance results for RSS2 with RS sub-carrier spacing of 8 are provided in the Appendix. It is shown that increasing this spacing results into very small performance loss, especially at low/medium UE speeds, ensures robust performance at all E-UTRA UE speeds, provides antenna uniformity, and a positive overhead vs performance tradeoff relative to RSS2. It should be noted that increasing the RS sub-carrier spacing was first proposed in [9] for 1 Tx antenna and spacing of 8 was found to be optimal in terms of performance versus overhead tradeoff for the 0.5 ms TTI. With the 1ms TTI affording additional RS to the UE (second sub-frame), there is no issue in having enough RS power for channel and CQI estimation and other UE functionalities requiring RS. Moreover, by staggering the RS in the second sub-frame (e.g. as for RSS1 in Figure 2), extremely frequency selective channels can also be supported at low/medium UE speeds. The only drawback from increasing the RS frequency spacing is some additional degradation intra-Node B orthogonality with CDM for highly frequency selective channels and high speeds (but such loss of orthogonality already exists in such cases). This RS structure is shown in Figure 4.

Figure 4: RSS2 with 8 sub-carriers spacing. 14.3% Overhead. Operation for all E-UTRA Speeds.
In the next Section, the results for the following performance evaluations are presented:

· For low to moderate UE speeds, link and system level results are presented for all RS structures. As support for two codewords was decided in the last meeting, PGRC is considered for evaluation with SU-MIMO for the throughput results.
· For high UE speeds, the evaluation assumes RSS2 and the baseline RS structure. Open loop Tx diversity is considered to primarily provide an indication for the performance of control and data channels when scheduling with MIMO is not applicable (e.g. for VoIP – this will also include low/moderate speeds). SFBC/FSTD is considered for Tx diversity because it provides similar or better performance than other options for the 4x2 configuration (e.g. [5, 6]). However, the conclusions for the RS structure do not depend on the open loop Tx diversity scheme but rather on fundamental performance issues at high speeds.    
3. Performance Evaluation of RS Structures for 4 Tx Antennas
The simulation assumptions are provided in the Appendix. The first step in the evaluation is to examine the channel estimation (CE) loss per antenna. Then,

· RSS1 and the baseline RS structure have equivalent 3rd and 4th antennas (same overhead and RS properties per antenna) 
· RSS2 and WARSS have equivalent 1st and 2nd antennas.

3.1. Low-Moderate UE Speeds (e.g. 0-40 Kmph)
3.1.1. Link Simulations
Figure 5 and Figure 6 show the BLER performance for the 1st/2nd and 3rd/4th antennas with QPSK and 16QAM, respectively, at 3 Kmph and 30 Kmph and for the TU6 and Pedestrian A channels.
[image: image32.wmf] 
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Figure 5: BLER Performance for 1st/2nd and 3rd/4th Antennas for QPSK.
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Figure 6: BLER Performance for 1st/2nd and 3rd/4th Antennas for QAM16.
The CE loss for the RS structure with the smaller overhead (3rd/4th antennas for WARSS and RSS1) for the TU6 channel is 0.25-0.3 dB with QPSK and 0.2 dB with QAM16. There is no loss for the PA channel. Also, it should be emphasized that the simulations considered data transmitted over 5 MHz and as a result, the full channel selectivity was observed. However, for localized scheduling, with the exception of peak rates, the bandwidth allocation to a UE will mostly be smaller than 5 MHz and the effective channel will exhibit a “flatter” nature (even with non-contiguous RBs). Therefore, in most cases, the CE loss is minimal even for a highly frequency selective channel such as TU6. Nevertheless, the total CE loss as indicated above was included in the system simulations (CE losses for other MCS were also included) and the TU6 channel was assumed to provide an upper bound for the throughput losses due to CE error for the lower RS overhead. 
It should again be noted that this is possible due to the restriction to low-medium UE speeds (e.g. 0 -30 Kmph) where substantial RS averaging is possible for channel estimation.     

3.1.2. System Simulations
The system simulation model includes mapping on the channel estimation loss per antenna on the overall performance of the LMMSE and SIC receivers for PGRC MIMO. CQI estimation error was included according to [7]. The CQI for the 3rd and 4th antennas for WARSS and RSS1 was further penalized by increasing the required SINR for a given CQI accuracy by 3 dB. 
Because of the different antenna reliability for WARSS, it was rather difficult to obtain a robust SINR model across antennas for the system simulations. Instead, RSS1 and RSS2 were simulated with the conjecture that the performance of WARSS lies between these two, lower and higher RS overhead, cases.

The throughput results for 5 MHz operating bandwidth are given in Table 1, for perfect channel estimation and actual one for RSS1 and RSS2.

Table 1: Average Throughput (Mbps). RSS1 has 9.5% less OH. RSS2 with SC8 has 4.3% less OH.
	Scenario
	Decoder
	Perfect CE
	RS Structure 2 (RSS2)
	RS Structure 2 (RSS2)
SC Spacing 8
	RS Structure 1 (RSS2)
	% Loss of RSS1
(vs RSS2)
	% Loss of SC8
(vs RSS2)

	Urban Macro
	LMMSE
	23.40
	22.78
	22.69
	22.55
	1.0%
	0.6%

	
	SIC
	24.01
	24.00
	23.78
	23.54
	1.9%
	0.9%

	Urban Micro
	LMMSE
	27.09
	26.96
	26.74
	26.28
	2.5%
	0.8%

	
	SIC
	28.64
	28.41
	27.81
	27.63
	2.7%
	0.6%


Clearly, the 9.5% smaller overhead of RSS1 more than compensates for the corresponding throughput loss relative to RSS2. Moreover, as the throughput loss with WARSS (relative to RSS2) is expected to be about half that of RSS1, the 4.8% less overhead RSS1 again more than compensates for that difference leading to an overall throughput gain of 3.5%-4.3% of RSS1 over WARSS. 
It should again be noted that for WARSS, the different antenna reliability makes it difficult to model the SINR across antennas for MIMO and, in practice, the above throughput assumption may actually be optimistic for WARSS.    

The RSS2 with sub-carrier spacing of 8 (14.3% overhead), is also clearly preferable to the RSS2 with sub-carrier spacing of 6 in terms of the throughput versus overhead tradeoff. Relative to WARSS (same overhead), RSS2 with sub-carrier spacing of 8 is expected to offer somewhat better throughput due to the antenna uniformity. Moreover, as shown in the next Section and the Appendix, it also avoids the performance failures of WARSS.  
3.2. All E-UTRA Speeds

Figures 6-8 show the BLER data channel performance for WARSS and RSS2 with SFBC-FSTD antenna diversity and for UE speeds of 30, 190, and 270 Kmph, respectively for QPSK and for the TU6 and PA channels. Figures 9-11 do the same for QAM16.
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Figure 7: BLER for WARSS and RS Structure 2. QPSK, 30 Kmph.
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Figure 8: BLER for WARSS and RS Structure 2. QPSK, 190 Kmph.
[image: image9.png]BLER

BLER for Baseline and Full Overhead RS Structures. SFBC-FSTD. QPSK, r=1/2, TU8, 270 Kmph.

10°
T T T
=&~ Full RS OH - 19%
=%~ Baseline RS OH - 14.3%
—9- 2 Tx ant - SFBC
-8~ Perfect CE
TU6, 270 kmph, QPSK, r=1/2
107
1071
107
-2 = 0 1 2 3 4 5



 [image: image10.png]BLER

10

10

107

10

BLER for Full and Reduced Buffer and Latency. QPSK, r=1/2, PA, 270 Kmph

=&~ Full RS OH - 19%
=¥= Baseline RS OH - 14.3%
-9~ 2 Tx ant - SFBC
-8~ Perfect CE
PA, 270 kinph, QPSK, r=1/2
L Il Il L
-2 -1 0

)
w
IS
o

SNR (dB)




Figure 9: BLER for WARSS and RS Structure 2. QPSK, 270 Kmph.
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Figure 10: BLER for WARSS and RS Structure 2. QAM16, 30 Kmph.
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Figure 11: BLER for WARSS and RS Structure 2. QAM16, 190 Kmph.
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Figure 12: BLER for WARSS and RS Structure 2. QAM16, 270 Kmph.
From Figures 7-12, the following observations apply:
· For low/moderate speeds the CE loss for RSS2 is 0.45 dB and 0.3 dB smaller than for WARSS, for QPSK and QAM16 respectively and the TU6 channel. There is no practical difference for the PA channel. Considering the tradeoff between overhead and performance, it can be argued that WARSS is preferable but RSS1 selection RSS1 is also viable. Also, it can be observed that operation with 2 Tx antennas may be preferable to WARSS (e.g. at 10% BLER - due to lower overhead). 
· For the E-UTRA requirement of high speed support, the inability of WARSS to provide reliable time interpolation introduces significant performance losses at or below 190 Kmph which is exacerbated from the fact that the frequency spacing for the 3rd and 4th antennas is too large for TU-type channels (without interpolation). Relative to RSS2, these losses cannot be remotely compensated from the lower overhead of WARSS. In fact, transmit diversity with only 2 antennas is preferable to WARSS. Also, absence of diversity is a drawback in these cases. Although high, the above speeds are well below the 360 Kmph E-UTRA limit.    

· For RSS1 with sub-carrier spacing of 8 and 14.3% overhead, results in the Appendix indicate that the loss relative to RSS1 with sub-carrier spacing of 6 are minimal, particularly for low/moderate speeds. Robust performance is achieved at all UE speeds and the antennas are equivalent. Therefore, a sub-carrier spacing of 8 is preferable due to the reduced overhead.

Although the control channel was not additionally simulated, the same issues apply for WARSS in case of FDM. The problems will actually be further exacerbated due the lower operating FER point for the control channel. In case of TDM, the performance should be more robust but again losses are expected in highly frequency selective channels (more so than the TU6) because the inability to time interpolate with the RS in the previous or next sub-frame for antennas 3 and 4, and increase the effective RS frequency density, can result in frequency interpolation failures. The failure of WARSS to support Tx diversity for the data channel at high speeds makes redundant a more detailed investigation for the control channel. Also, despite the higher RS overhead for RSS2, 4 Tx diversity is more desirable than 2 Tx diversity for the control channel, particularly in low multi-path diversity channels. Maximum diversity is particularly beneficial for the control channel because of its low FER operating point and the critical nature of its robust reception.
It should be noted that RSS1 may have to be somewhat modified pending the outcome of the cell search discussions. For example, in 1 or 2 TTIs per frame, the RS for the first Tx antenna may have to be repeated at 5th symbol, for the first or for both sub-frames, in order to maintain the same RS structure as for 1 Tx antenna. Nevertheless, there will be no issue if the number of antennas is obtained during stage 2 of cell search (e.g. in order to also use all Tx antennas for stage 3 or for BCH decoding), or if the cell search does not use the RS.
4. Conclusions
Based on the simulation results for MIMO and transmit antenna diversity with 4Tx antennas for the candidate RS structures, the following conclusions apply:
RS structures with non-uniform RS density are a poor choice for LTE because:

a) scheduler complications with MIMO due to inability/difficulty to properly model SINR across antennas (antennas are not equivalent)

b) scheduler complications with MIMO as CQI estimation is less reliable for antennas 3 and 4

c) worse performance than uniform RS structures with same overhead (as the one in Figure 4)

d) substantially worse performance at high speeds for QPSK and performance failures for 16QAM

In addition,

· in low/moderate UE speed environments, RSS1 (Fig. 2) is preferable as it provides significant throughput gains over WARSS (Fig. 1) and over other structures with higher overhead 
· in environments supporting all E-UTRA speeds, increasing the RS spacing for RSS2 from 6 (Fig. 3) to 8 (Fig. 4), produces the same overhead as WARSS (Fig. 1) and maintains all the advantages of the original RSS2 (Fig. 3) relative to WARSS. Only a minimal loss is observed relative to RSS2 with 6 sub-carriers spacing for low/moderate speeds. 

Possible Choices:
1. Allow the operator to choose the RS structure, according to the deployment environment, between RSS1 (Fig. 2) and RSS2 with sub-carrier spacing of 8 (Fig. 4).

2. Choose frequency spacing of 8 for the RS, regardless of the number of antennas, and allow only the single option of RSS2 (Fig. 4) for 4 Tx antennas. Uniform RS for any number of antennas.
If one RS structure is desired for 4 Tx antennas, choice 2 and the RS structure in Figure 4 are proposed.

If 4 Tx antennas are primarily intended for low speed environments, RSS1 (Figure 2) is proposed with 9.5% OH. To support all E-UTRA speeds, RSS2 as in Figure 4 is proposed (choice 1) with 14.3% OH. Operator chooses deployment.
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APPENDIX

Tables A1 and A2 respectively present the assumptions for the link and system level simulations.
	Parameter
	Assumption

	Bandwidth
	5 MHz (2.6 GHz)

	Channel Models
	TU, PA

	UE Speeds
	As Specified

	Shared Data Channel (MCS) 
	QPSK / QAM16, Rate 1/2 TC, 14 OFDM symbols 

	Tx Antenna Configuration
	As Specified

	Rx Antenna Configuration
	2

	Channel Estimation
	Time Interpolation/Averaging
	Linear – Doppler dependent coefficients

0-40 Kmph, 40-150 Kmph, >150 Kmph

	
	Frequency Interpolation
	Least Squares

	Buffering for  CE (RS from previous TTIs) – Inclusion of 1st RS from next TTI
	Optimized according to UE Speed


 Table A1: Link Level Simulation Assumptions.
Table A2: System Level Simulation Assumptions.
	PARAMETER
	VALUES

	Number of sectors per cell
	3 sectors, with either two or four 120-degree antennas per sector

	Number of UEs per cell
	15 UEs 

	Number of Node-B antennas
	4

	Number of UE antennas
	4

	UE Speed
	3 kmph

	Traffic Model
	Full-buffer

	Channel scenario
	1. Urban Macro [3] 
2. Urban Micro [3] 

	System Bandwidth
	5 MHz

	Resource Block Bandwidth
	180 kHz

	Modulation Schemes
	24 MCS schemes

	TTI duration
	1 ms

	CQI feedback delay
	2 TTIs

	CQI Quantization
	None. Error-free CQI feedback assumed

	Scheduling Criterion
	Proportional Fair

	HARQ Feedback Delay
	8 TTIs. Error-free ACK/NACK assumed

	Max Number of HARQ Retransmissions
	3

	Scheduling
	Single-user MIMO (one UE per RB). Same MCS used for one stream across RBs


The following Figures provide comprehensive performance comparisons of RSS2 with sub-carrier spacing of 8 relative to RSS2 and, whenever applicable, RSS1 with sub-carrier spacing of 6. The TU6 channel was chosen in order to observe the largest CE loss (as previously shown, the CE loss is minimal for relatively flat channels).
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Figure A1: Performance of the Examined RS Structures. QPSK, r=1/2, TU6. 1 Antenna.
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Figure A2: Performance of the Examined RS Structures. QAM16, r=1/2, TU6. 1 Antenna.
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Figure A3: Performance of the Examined RS Structures. QPSK, r=1/2, TU6. SFBC-FSTD.
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Figure A4: Performance of the Examined RS Structures. QAM16, r=1/2, TU6. SFBC-FSTD.
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